Summary.-Six phenols [2(3)-t-butyl-4-hydroxyanisole (BHA), 2-t-butylphenol, 4-methoxyphenol, 4-methylmercaptophenol, t-butylhydroquinone and 2,6-di-tbutylphenol] previously shown to be inhibitors of benzo(a)pyrene-induced neoplasia, were examined for their ability to induce in vivo changes in hepatic mono -oxygenase and detoxication enzyme activities, and to act as mono-oxygenase inhibitors when added in vitro. (1) Generally it was found that cytochrome P450 levels were depressed, only 2,6-di-t-butylphenol caused a 2-fold induction (2) Mono-oxygenase activities were significantly altered; BHA and 2,6-di-t-butylphenol caused microsomes to show substantial increases in aniline hydroxylase and peroxidase activities. These microsomes, along with 4-methoxyphenol microsomes, also showed a substantial reduction in DNA binding of benzo(a)pyrene (BaP) metabolites relative to metabolism. (3) Detoxication enzymes glutathione S-transferases and epoxide hydratase were readily induced, the order of effectiveness being: BHA -2,6-di-t-butylphenol> 4-methoxyphenol > 2 -t -butylphenol -t-butylhydroquinone (4-methylmercaptophenol failed to induce). (4) In vitro ability to inhibit BaP metabolism and DNA-binding ability was: 2,6-di-t-butylphenol , BHA -2-t-butylphenol> t-butylhydroquinone> 4-methylmercaptophenol1>4-methoxyphenol. (5) Ability in vitro to discharge the activated oxygen complex of cytochrome P450 was: 2,6-di-t-butylphenol-,2-t-butylphenol > BHA > t-butlyhydroquinone > 4-methylmercaptophenol > 4-methoxyphenol. The results are consistent with the theory that inhibition of neoplasia is related to inducibility of detoxication enzymes, though alterations in cytochrome P450 could play a significant role in some cases.
4-methoxyphenol, 4-methylmercaptophenol, t-butylhydroquinone and 2,6-di-tbutylphenol] previously shown to be inhibitors of benzo(a)pyrene-induced neoplasia, were examined for their ability to induce in vivo changes in hepatic mono -oxygenase and detoxication enzyme activities, and to act as mono-oxygenase inhibitors when added in vitro. (1) Generally it was found that cytochrome P450 levels were depressed, only 2,6-di-t-butylphenol caused a 2-fold induction (2) Mono-oxygenase activities were significantly altered; BHA and 2,6-di-t-butylphenol caused microsomes to show substantial increases in aniline hydroxylase and peroxidase activities. These microsomes, along with 4-methoxyphenol microsomes, also showed a substantial reduction in DNA binding of benzo(a)pyrene (BaP) metabolites relative to metabolism. (3) Detoxication enzymes glutathione S-transferases and epoxide hydratase were readily induced, the order of effectiveness being: BHA -2,6-di-t-butylphenol> 4-methoxyphenol > 2 -t -butylphenol -t-butylhydroquinone (4-methylmercaptophenol failed to induce). (4) In vitro ability to inhibit BaP metabolism and DNA-binding ability was: 2,6-di-t-butylphenol , BHA -2-t-butylphenol> t-butylhydroquinone> 4-methylmercaptophenol1>4-methoxyphenol. (5) Ability in vitro to discharge the activated oxygen complex of cytochrome P450 was: 2,6-di-t-butylphenol-,2-t-butylphenol > BHA > t-butlyhydroquinone > 4-methylmercaptophenol > 4-methoxyphenol. The results are consistent with the theory that inhibition of neoplasia is related to inducibility of detoxication enzymes, though alterations in cytochrome P450 could play a significant role in some cases. THE PHENOLIC ANTIOXIDANT 2(3)-tbutyl-4-hydroxyanisole (BHA) is a widely used food additive which has a number of interesting and potentially important pharmacological properties. When added to commercial diets, it effectively inhibited neoplasia at several sites induced by a variety of carcinogens (Wattenberg, I 972a, b; 1973) . BHA was also found to lower the mutagenicity of BaP and other promutagens both in vivo (Batzinger et al., 1978) and in vitro (Rahimtula et al., 1977; Calle et al., 1978; McKee & Tometsko, 1979) . Dietary administration of BHA to female mice has been shown to increase several fold the specific activities of the Phase II detoxication enzymes, glutathione S-transferases and epoxide hydratase, in the liver and other tissues (Benson et al., 1978a, b; Cha et al., 1978) . UDPglucuronyl transferase activity was also enhanced (Cha & Bueding, 1979) . BHA feeding slightly lowers hepatic cytochrome P450 levels, alters the metabolite profile of BaP and shows a 5000 decrease in the in vitro binding of BaP metabolites to DNA (Speier & Wrattenberg, 1975; Lam & Wattenberg, 1977; Lam et al., 1.980 (Rahimtula et al., 1979) . BHA also acts as ani excellent peroxidase donor, thereby serving to discharge the active hydroxylating complex of cytochrome P450 and inhibiting metabolism (Rahimtula et al., 1980) . These data show that BHA feeding can inhibit BaP-induced carcinogenesis by several possible mechanisms: (a) increase in the levels of Phase II detoxication enzymes, (b) alteration in the type of cytochrome P450, leading to decreased formation of electrophilic metabolites, (c) competitive inhibition of carcinogen activation and discharge of the active hydroxylating complex, (d) combination of a, b, and/or c. Recently, Wattenberg et al. (1980) showed that a variety of phenols added to the diet inhibited BaP-induced neoplasia of the forestomach of mice. 4-Methoxyphenol and BHA were the most effective, and reduced the number of tumours/ mouse by about 7500, whilst other related phenols were less effective. In this paper we have examined the effect of feeding the 6 phenols, BHA (mixed isomers), t-butylhydroquinone, 4-methoxyphenol, 4-methylmercaptophenol 2-t-butylphenol and 2,6-di-t-butylphenol on (a) liver cytochrome P450 levels and monooxygenase activities, and (b) liver Phase II detoxication enzyme activities which include glutathione-S-transferase(s), epoxide hydratase and UDP-glucuronyl transferase. We have also looked at the ability of these phenols to serve as cytochrome P450 peroxidase donors, as well as to inhibit BaP metabolism and DNA binding, when added to normal microsomes in vitro. Our aim was to discover: (i) which structural feature(s) of the BHA molecule are required for Phase II enzyme induction, and (ii) whether these changes (if any) in Phase II enzymes were sufficient to account for the in vivo inhibition of BaP-induced neoplasia in mice observed by WN'attenberg et al. (1980) or were additional mechanisms also likely to be involved. Female CD-i mice (Canadian Breeding Labs, Montreal, PQ) 8 weeks old, were lioused in metabolic cages (3 mice/cage) with free access to 'water and food. The mice were fed an AIN-76 semi-purified diet containing 42 nmol of the test compound/kg of diet. Control groups received just the AIN-76 diet. These diets wuere fed to the mice for 12 days. The mice w-ere killed by cervical dislocation and the livers of each group were combined (3/group). Microsomes were prepared by differential centrifugation of liver homogenates, as described by Remmer et al. (1967) . Isolated microsomes were washed twice to minimize contamination of the cytosolic fraction and frozen in suitable aliquots at -80°C. They were used within 2 weeks of freezing. Protein was determined by the Lowrv method (1951) and cytochrome P450 by the method of Omura & Sato (1964) . BaP 3-hydroxylase wtas measured fluorimetrically by the method of Nebert & Gelboin (1968) . All other enzymic assays -were carried out by established procedures. Incubations were carried out in 0IM Tris HCI (pH 7 5) at 37°C for 10 min and contained per ml: 150 ,ug microsomal protein, 20 nmol BaP in 5 ,ul DMSO and an NADPH-regenerating system. Different concentrations of the various phenols were added in 6 pi of DMSO. whilst the control contained 6 ,ul of DMSO only. Total BaP metabolism w-as measured by the assay procedure of Van Cantfort et al. (1977) Fujita & Mannering (1973) . Incubations were carried out in 2 ml of 0-IM Tris HCl (pH 7 4) at 37°C for 15 min. and contained 10 Hmol aniline HCI, 3 mg microsomal protein and an NADPH-regenerating system. Incubations for aminopyrine N-demethylase wkere carried out in 2 ml of 0-IM phosphate buffer (pH 7-5) at 37°C for 10 min, and contained 6 Humol aminopyrine, 1 mg microsomal protein and an NADPH-regenerating system. Formaldehyde released was measured by the method of Nash (1953) . TMPD peroxidase was measured spectrophotometrically, as described by O'Brien & Rahimtula (1978) . The reaction was carried out in 3 ml cuvettes at 25°C and contained 300 jtmol phosphate buffer (pH 7 5), 0-6 Htmol TMPD and 0-6 yunol cumene hydroperoxide (CHP). TMPD oxidation was monitored at 610 nm (mME = 11 -6). UDP glueuronyl transferase was measured by the method of Bock & White (1974) . Incubations were carried out in 0OIM Tris HCI (pH 7.4) at 37°C for 2 min and contained 5 ,umol MgC92. 0-0500 Triton X-100, 0-5 Humol o-naphthol, 0-3 ,uinol UDP glucuronic acid and 1 mg microsomal protein. Glutathione S-transferase with CDNB and DCNB was measured exactly as described by Habig et al. (1974) . Epoxide hydratase was measured by the method of Dansette et al. (1979) . The reaction was carried out in a lml cuvette and contained 0-IM Tris HCI (pH 8.7) 20 nmol BaP-4,5-oxide and 0(5 mg microsomal protein.
RESULTS
The effects of dietary admninistration of BHA and other phenols to female CD-i mice for 12 days is shown in Tables I-IV. Only BHA and 2,6-di-t-butylphenol caused a marked increase in liver weight relative to body weight, the other phenols showing a significant change (Table I ).
The enlargement of the liver on BHA feeding has been reported prexviously by Cha & Bueding (19.79) . Generally, cytochrome P450 levels were depressed 1 2 25%, and only 2,6-di-t-butylphenol doubled cytochrome P450 levels (Table  II) . Aminopyrine N-demethylase activity generally reflected changes in cytochrome P450 levels, though higher specific activities were observed with aniline hydroxylase on BHA and other phenol feeding (Table II) . Thus BHA and 4-methylmereaptophenol microsomes had a 50-65% higher aniline hydroxylase activity over control microsomes per mol of cytochrome P450. As well as its monooxygenase properties, cytochrome P450 can also serve as a peroxidase (Hrycay & O'Brien, 1972) . Dietary feeding of BHA and 2,6-di-t-butylphenol increased TMPD-CHP peroxidase activity -60% and 225% respectively (Table II) . The other phenols produced less significant changes in peroxidase activity. All assays were performed in duplicate, using microsomes prepared from 3 pooled livers. Standard deviation was obtained using means from 3 pooled groups. Details of the individual assay conditions are described in Materials and Methods. All assays were performed in duplicate using microsomes from 3 pooled livers. Standard deviation was obtained using means from 3 pooled groups. Details of the individual assay conditions are described in Materials and Methods. Table IV shows the effect of feeding these phenols on Phase II detoxication enzyme activities. UDP glucuronyltransferase activity, measured with oa-naphthol as acceptor, is doubled on BHA and 2,6-di-t-butylphenol feeding and reduced by a third on t-butylhydroquinone feeding. The other phenols caused less substantial changes. Epoxide hydratase activity with BaP-4,5-oxide doubled on 4-methoxyphenol feeding, and increased 6-5-8-0-fold on BHA and 2,6-di-t-butylphenol feeding. Cytosolic GSH S-transferases with DCNB and CDNB increased 2-fold on 2-t-butylphenol and t-butylhydroquinone feeding, 3-fold on 4-methoxyphenol feeding, 5-4-fold on 2,6-di-tbutylphenol feeding and 7-5-fold on BHA feeding. Microsomal GSH-CDNB S-transferase was also increased 50% on 4-methoxyphenol feeding, and more than doubled on BHA and 2,6-di-t-butylphenol feeding. The other phenols were less effective. complex. 6 mg of microsomes was suispelde(l in 6 ml of 0-I u PBS (pH 7 5). The suspension was equally (listributed1 between two cuvettes refrigerated at 10°C to obtain a baseline of equal absorbance 5 ,ul of a 30nii solutioin of CHP wN-as added to the sample cinvette aii(1 the absorbance ehange' at 440 nm waas recor(le(l. The various phenols were addle(l in 2 ,u1 of DMSO/6 ml of mierosomal suspension, to a final con(entration of 17 Lu.
binding catalysed by control mouse liveer microsomes is shown in Fig. 1 . Generally, DNA binding was more significantly inhibited than metabolism (3-hydroxy BaP formation). Fifty per cent inhibition of BaP-DNA adduct formation was observed with 251tM 2,6-di-t-butylphenol, 75jari 2-t-butylphenol, BHA and t-butylhydroquinone, and 225/tM 4-methylmercaptophenol. 4-Methoxyphenol (up to 300 tLM) failed to significantly decrease BaP metabolism or DNA binding.
Addition of CHP to liver microsomes leads to the formation of a higher oxidation state of cytochrome P450, with a peak at 440 nm (Rahimtula et al., 1974) and also to the oxidation of a variety of substrates such as BaP, aniline, aminopyrine, p-nitroanisole, etc. (Rahimtula & O'Brien, 1974 . Fig. 2 shows the relative effectiveness with which these phenols, at a concentration of 17 , iATr, are able to prevent the formation of the 440nm complex. The order of effectiveness was found to be 2-t-butylphenol> BHA 2,6 -di -t -butylphenol > t -butylhvdroquinone > 4-methoxyphenol > 4-methylmercaptophenol. About the same effectiveness was found when the discharge of the preformed 440nm complex was measured on addition of these phenols (data not shown).
D)ISCU SSION
In the present investigation, 6 phenols were studied for their in vivo effects on hepatic monooxygenase and Phase II enzyme activities, and their ability in vitro to interact with and inhibit BaP metabolism, DNA binding, etc. Generally, all phenols slightly reduced hepatic cytochrome P450 and monooxygenase levels, with the exception of 2,6-di-t-butylphenol, which about doubled both cytochrome P450 and mixed-function oxidase 940) ANTIOXIDAN1TS, lBaP BIOACTIVATION AND ENZY.ME INDUCTION levels (Table II) . This suggests that both ortho positions of the phenolic OH must be occupied by t-butyl in order to induce cytochrome P450, because 2-t-butvlphenol which has one ortho position vacant is not an inducer (Table II) . Cytochrome P450 was decreased by other phenols, but the Phase II detoxication enzyme levels were induced (Table IV) . Generally, GSH transferase was most easily induced, followed by epoxide hydratase, and a good induction of GSH transferase was accompanied by a correspondingly good induction of epoxide hydratase, suggesting that the regulation of these enzymes is related. In contrast, UDP-glucuronyl transferase activity was only doubled by BHA and 2,6-di-tbutylphenol, and remained essentially tunchanged or even diminished by the other phenols. The elevation of GSH transferase activity 3-fold by 4-methoxyphenol, and its lack of elevation by 4-methylmercaptophenol suggests that the methoxy group para to the phenolic OH is essential for induction. The importance of t-butyl groups is implicated by the fact that 2-t-butylphenol and 2,6-di-tbutylphenol feeding elevate hepatic GSHtransferase activity 2-fold and 5-fold respectively. These observations are substantiated by the finding that BRA, which has both methoxy and t-butyl groups, induces much greater GSH-transferase activity (Table IV; Benson et al., 1 978a). Wattenberg et al. (1980) have already shown that feeding of 4-methoxyphenol and 3-t-butyl-4-hydroxyanisole (the minor isomer of BHA) to mice resulted in a 75%o drop in BaP induced tumours of the forestomach while the feeding of equimolar amounts of 2-t-butylphenol, 2,6-di-t-butylphenol, t-butyl-hydroquinone and 2-tbutyl-4-hydroxyanisole (the major isomer of BHA) resulted in a 40-50%0 drop in the incidence of neoplasia. According to Oesch (1972) (Oesch, 1972) , its protective role in BaP-induced neoplasia is questionable, because it is the enzyme responsible for converting BaP-7,8-epoxide into BaP-7,8-dihydrodiol, the precursor of the ultimate carcinogen, BaP-7,8-diol-9, 10-epoxide (Kahl et al., 1978; Guenthner & Oesch, 1981 ). There appears to be a modest correlation between GSH 8-transferase inducibility (Table IV) and protection against BaP-induced neoplasia (Wattenberg et al., 1980) . BHA and 4-methoxyphenol, which are good inducers, offer superior protection whilst 2-t-butylphenol and t-butylhydroquinone, which are fair inducers, offer moderate protection. Very recently Sparnins & Wattenberg (1981) have shown that the ability of the 2 isomers of BHA to inhibit BaP-induced neoplasia of the forestomach correlates positively with their ability to induce GSH S-transferase. Wre also find that BHA and 2,6-di-t-butylphenol feeding causes a 2-fold induction of microsomal GSH S-transferase (Table IV) . Previous reports have shown that several xenobiotics can increase the cytosolic but not the microsomal GSH S-transferase activity (Friedberg et al., 1979; Morgenstern et al., 1980) . Increases in GSH S-transferase activity is not due to activation by antioxidants, since addition of BHA to control supernatant or microsomes does not raise GSH S-transferase activity. The proximity of the microsomal GSH 8-transferase to the site of generation of the active BaP metabolites makes it an attractive candidate for detoxication. Addition of ImAi GSH to the incubation medium failed to lower the binding of BaP metabolites to added DNA; indeed, a small stimulation was observed (Table III) (Table III) . Perhaps the reason that 2,6-di-t-butylphenol, a good inducer of GSR 8-transferase (Table IV) is a relatively moderate protector may be because it is also an inducer of cytochrome P450 (Table II ). An induction of cytochrome P450 would lead to an increased formation of BaP metabolites, which might partially offset the advantage gained by induction of GSH 5-transferases. These data suggest that an in vivo change in the nature of hepatic cytochrome P450 can affect BaP metabolism and DNA binding, and thereby inhibit BaP-induced carcinogenesis.
WlTe have also looked for a possible correlation between the ability of these phenols to interact directly with cytochrome P450 and inhbit BaP metabolism, DNA binding, etc. on the one hand and their ability to protect against BaPinduced neoplasia on the other. Several antioxidants, including BHA and BHT, bind to liver microsomal cytochrome P450, producing a difference spectrum (Yang et al., 1975) and inhibit the metabolism of BaP in vitro (Rahimtula et al., 1979) . Assuming a normal daily food consumption of 2 g, each mouse took 84 jumol of phenol per day. For an even distribution in the body and no significant accumulation, this would amount to a concentration of -2'8 mivi in a 30g mouse. The results in Fig. 1 , showing that BaP metabolism and DNA binding are substantially inhibited by much lower levels of phenols, suggests that consumption of these phenols might slow down BaP metabolism. However, there appears to be little correlation between the ability of these phenols to inhibit BaP metabolism and DNA binding in vitro (Fig. ] ) and their ability to prevent BaP-induced neoplasia. The fact that 4-methoxyphenol, an excellent in vivo protector, is a very poor in vitro inhibitor of BaP metabolism and DNA binding, suggests that such a direct interaction between phenol and cytochrome P450 might be of little importance in inhibiting neoplasia. The other phenols like BHA, 2-t-butylphenol, 2,6-di-t-butylphenol and t-butylhydroquinone were good inhibitors of BaP metabolism and DNA binding and it is possible that such a direct interaction plays a role in inhibiting neoplasia by these phenols. Their degree of in vitro inhibition of BaP metabolism and DNA binding correlates well with their ability to act as electron donors in discharging the active hydroxylating species of cvtochrome P450, thereby 9(42 inhibiting substrate metabolism (Fig. 2) . We have previously shown that cytochrome P450 can act as a peroxidase, and that organic hydroperoxides like CHP can effectively replace NADPH, the flavoprotein NADPH-cytochrome P450 reductase and molecular oxygen in hydroxylating drugs and carcinogens (Rahimtula & O'Brien, 1974; . Antioxidants like BHA, BHT and TMPD inhibit the NADPH-dependent and CHP-dependent monooxygenation ofBaP to similar extents, suggesting similar modes of inhibition (Rahimtula et al., 1974) . In the presence of CHP, liver microsomes also give rise to a spectral complex with a peak at 440 nm (Rahimtula et al., 1974) . Similar spectral complexes are seen on addition of peroxides to haemoproteins, and a discharge of the complex by the addition of various compounds indicates that they are peroxidase donors (George & Irvine, 1953; Yamasaki & Yokota, 1973) . The ability of these phenols to prevent the formation of the 440nm complex is shown in Fig. 2 . Here it was found that 2-t-butylphenol, 2,6-di-t-butylphenol and BHA were better electron donors, whilst 4-methoxyphenol and 4-methylmercaptophenol were poor electron donors. The same order of efficiency was observed by these phenols in their ability to discharge the preformed 440nm complex (data not shown) which suggests that the various phenols can bind to and discharge the higher oxidation states of cytochrome P450, thereby preventing substrate hydroxylation. In the case of efficient electron donors, such a direct interaction might play a role in inhibiting neoplasia.
In conclusion, it appears that the ability of the various phenols to inhibit BaP-induced neoplasia correlates best with their ability to induce the detoxication enzymes GSH S-transferases, though in vivo alterations in the nature and levels of cytochrome P450 could be a contributory factor in some cases. Direct interaction of these phenols with cytochrome P450 would be expected to play a minor role in inhibiting neoplasia.
